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I. INTRODUCTION

I
NCREASINGLY, there is concern that the environment for conducting excellent research is deteriorating within the nation's large public research laboratories. This worry is being voiced both by the rank and file scientists within these institutions, as well as by leaders whose responsibility it is to steward the nation's research infrastructure [1] . However, assessing the quality of research environments is made difficult by the lack of formal study that has been devoted to understanding environments in which excellent research and development (R&D) occurs, including which attributes of the environment are most conducive to excellence. This paper presents a study sponsored by the U.S. Department of Energy's (DOE) Office of Basic Energy Sciences that was conducted at two of DOE's national laboratories. The study has two goals: increase understanding of the key elements in re-search environments that contribute to the ability of staff to accomplish excellent research, and develop tools and processes for assessing and improving such environments. While one can cite individual examples to the contrary-e.g., Russian weapons scientists working in substandard facilities or computer software and hardware developers in their garages-a fundamental assumption of this study is that working in an excellent research environment increases the likelihood of producing excellent research. Furthermore, it is assumed that a good understanding of the attributes that lead to an excellent research environment, coupled with a straightforward tool and process for assessing those attributes, will enable managers to improve the research environment and, therefore, their organization's effectiveness. Finally, excellent research accomplishments and the emphasis on excellence themselves contribute to a good research environment.
Through the use of focus groups, interviews, and surveys, the research discussed in this paper has focused directly on scientists' and their managers' perceptions of what is important in a research environment. In addition, the study reviewed the small number of empirical studies that tie attributes in the research environment to innovation and excellence in research. To a large extent, the scientists' perceptions as reflected in this study are consistent with attributes identified in these empirical studies of excellent research organizations and outstanding researchers.
An understanding of the research environment is clarified by using a model that describes, albeit in simplified terms, the R&D organization and the important attributes that contribute to its effectiveness. This model then highlights those attributes of the organization that are most important to assess, a major goal of this study. The Competing Values framework proposed by Rohrbaugh [2] , Quinn [3] , and Quinn and Rohrbaugh [4] is the model used for interpreting the thoughts and comments of the scientists and engineers in this study. It captures in a balanced way a broad array of competing perspectives on what contributes to effectiveness.
The research outlined in this paper has focused specifically on one type of research organization: that dealing primarily with physical sciences within Federal laboratories owned by the government and managed by private corporations. These laboratories are large, have specific research missions, and have annual budgets over $500 million. Participants in the study perform basic and applied research as well as engineering and technology development. This study is limited to assessing the research environment, rather than measuring the outputs and outcomes of that environment, such as publications, citations, and new products. Future research will explore how research environments differ as a result of their cultures and their technical, 0018-9391/03$17.00 © 2003 IEEE economic, social and political/legal circumstances, and document the links between measures of the research environment and measures of outcomes.
II. MOTIVATION FOR THE RESEARCH
Research managers would like to know that their organization is doing all it can to provide an environment in which excellent research can be accomplished, and if not, to understand what can be done to improve the environment. Also, demonstrating that an organization is "effective" in the sense of optimizing the chances for producing new ideas and products-which are hard to predict in research-would indicate to investors that an organization is likely to provide a good return on their investment. But how can one know if a research environment is excellent?
Currently, employee attitude surveys and peer reviews are the primary means used by DOE laboratories to assess their workplaces. However, existing employee attitude surveys used by DOE laboratories fail to address many of the attributes identified as important by scientists in this study, such as the freedom to pursue new ideas, the level of commitment to critical thinking, the amount of cross fertilization of ideas, and the existence of a strong foundation of basic research. Peer review is generally well regarded by scientists, but typically provides information at the project or program level. Since peer review results are seldom aggregated to organizational units above the project or programs they address, they are difficult to use to improve the research environment of the larger organization-frequently the locus where the authority to make fundamental change resides.
Thus, research managers have expressed a need for more data and better tools for assessing the research environments of their organizations. Are they succeeding at providing an environment conducive to performing excellent research? If not, what can be improved? This study on assessing the research environment begins to fill this need.
III. APPROACH
Identification of important attributes in the research environments at the DOE national laboratories occurred within several research organizations over the course of almost two years. Nine focus groups were held, each consisting of approximately ten scientists and R&D managers. Groups were convened for either half-day or full-day sessions to identify and discuss research as an activity, and the attributes that contribute most to each scientist's ability to conduct excellent research. Participants were selected to meet a number of criteria. First, they were nominated by their management and peers for performing outstanding research and for being outspoken. In addition, the panels were constructed to reflect the makeup of research organizations at each laboratory along a number of dimensions: type of research (theoretical and experimental); scientific discipline (e.g., chemical and materials sciences); job responsibility ("bench" scientists, project managers, and senior managers); and experience (a mix of junior and senior researchers). The panels included both men and women (although not in equal proportions), and minorities. One panel was made up of administrative, computer, and facilities support staff. The discussions of each panel were facilitated using a common set of questions and exercises, and a rapporteur captured the panelist's comments.
Each panel began with an exercise to define what "excellent research" meant for them. For example, one group's definition of excellent basic research is "research that produces new ideas and tools that advance the forefront of knowledge and has an enduring impact in areas of the DOE mission and national needs." Other groups determined that excellent applied research provides optimal solutions to a client's problems, offers a novel approach, and is accurate, and that excellent technology development creates new systems, processes, or gizmos that address national needs in a timely manner and are widely used. It was important for each group to have explored and developed a common view of excellent research in order for them to set their sights on an environment that would be conducive to such research. When each group reached agreement on a definition, the panelists were guided in a series of discussions to identify attributes of the work environment that contribute to their ability to perform excellent research. Panelists were asked to address attributes of their current research environment that were positive, as well as features that were detracting, missing, or insufficient. Finally, panelists were asked to describe attributes of the work environment that are necessary to hire and retain the best researchers.
One panel, composed of fundamental research scientists, participated in a formal exercise that required them to identify for each attribute precursors (i.e., what must happen prior to an attribute being present), direct outcomes (how the environment benefited as a result of the attribute), and the link to the desired outcome of excellent research. By clarifying these linkages, the panel members were able to provide insight into the aspects of each attribute. For example, the desire for "sufficient project funding" requires not only sufficient dollars to realize project goals, but that these dollars not be divided between so many researchers that none can devote sufficient time to the project. "Access to expertise in other disciplines," to give another example, is important because it encourages cross-fertilization of ideas within the laboratory, provides flexibility to staff new projects, and encourages awareness of other activities within the laboratory. These aspects of the attributes provided the information necessary to develop meaningful survey questions. In subsequent panels, this exercise was accomplished by clarifying why the attribute was important as the group discussed it.
IV. THIRTY-SIX ATTRIBUTES THAT FOSTER EXCELLENCE IN RESEARCH
Thirty-six attributes have been identified by these scientists as most important to creating an environment that fosters excellent research. The 36 attributes reflect the complexity of science and technology research organizations and are arranged in four groups in Table I .
V. A FRAMEWORK FOR R&D ORGANIZATIONAL EFFECTIVENESS
Competing Values Framework
Historically, the organizational effectiveness literature has articulated numerous perspectives on what makes an organization effective, that is, able to produce the desired outcomes. In an attempt to understand the relation of these perspectives to each other, Quinn and Rohrbaugh [4] used multivariate analysis techniques to investigate the criteria used by organizational theorists and researchers to assess and conceptualize organizational effectiveness. Their work suggests that three value dimensions underlie conceptualizations of organizational effectiveness and can be used to organize the traditional and often conflicting models of effectiveness. The three value dimensions identified by Quinn and Rohrbaugh are organizational structure, organizational focus, and the means-ends continuum.
The dimension of organizational structure distinguishes between those activities and attributes that emphasize the organization's flexibility, adaptability, and breadth, versus those that stress control and stability. The dimension of organizational focus contrasts an emphasis on internal issues such as the well-being and development of the people within the organization versus external issues, such as the development and well-being of the organization itself or its relations with entities outside itself. The means-ends continuum reflects the contrast between the concern for the objectives of the organization, such as productivity or human resource development, and the means by which it achieves these objectives, for example goal setting or enhancing morale.
As illustrated in what is important in a research environment and, thus, reflects the complexity of these organizations. Furthermore, it addresses the tensions between focusing internally and looking outward, between striving for flexibility or innovation and trying to provide stability, that are reoccurring themes in scientists' and managers' discussions of their research environments.
Organizing the 36 Attributes in Four Areas
In Table I and in the discussion that follows, the attributes of the research environment are organized according to their fit within the quadrants of the Competing Values framework. Altschuld and Zheng [5] first proposed using the Competing Values framework for assessing R&D organizations, but they did not take the next step of describing the accompanying attributes of organizational structure and focus. Refinements to this organization of attributes as more data are gathered and analyzed is expected, however, this structure appears to provide a good starting point for discussing scientists' perceptions of R&D organizational effectiveness.
The human relations model emphasizes a view that values internal focus and flexibility within the organization. A good organization from this perspective is one that emphasizes good morale and cohesion, and results in human resource development. Several attributes identified by scientists in this study relate to resource development-human, physical, and intellectual. These include excellent facilities and equipment, the highest quality colleagues, strong research competencies, sufficient and unfragmented funding, opportunities for professional development, rewards for merit, competitive salaries and benefits, and respect for people.
The open system model stresses flexibility and an external focus as being the keys to organizational effectiveness. "Good" from this perspective is often measured by flexibility and readiness or outcomes of those, such as growth and resource acquisition. Attributes proposed by scientists in this area are categorized in this study as innovation and cross-fertilization of ideas. Attributes include funding and freedom to pursue new ideas, sense of challenge and optimism, autonomy in scientific management, adequate time to do research and stay current in one's field, commitment to critical thinking, internal cross-fertilization, external collaborations and interactions, effective external reviews, and a reputation for excellence.
The rational goal model differs from the two models discussed previously in its emphasis on the value of control and stability over flexibility and readiness. An effective organization from this perspective is discussed in terms of planning and goal-setting which results in productivity and efficiency. In the area of setting and achieving relevant goals, scientists identified a clear and compelling research vision, continuity in funding and research themes, investment in future capabilities, good relationship with sponsors, a systematic process for identifying project opportunities, strong foundation of basic research, an integrated and relevant R&D portfolio, good project planning and execution, and the appropriateness of the laboratory's measures of success.
The internal process model also values control and stability, but unlike the rational goal model, emphasizes an internal focus. It values the role of information management, communication systems, and the internal structures and routines that provide employees with a sense of organizational continuity and security. Attributes identified in this study in the area of management and internal processes include fair, well-planned resource allocation, decisive and informed senior management, the integrity of line management, the value added by line managers, internal cooperation, and teamwork, internal communication, efficient internal systems and lab services, and competitive overhead rates.
VI. ASSESSING AND IMPROVING THE RESEARCH ENVIRONMENT
Developing a Survey, Displaying the Results
The 36 attributes provide a basis for a survey designed to measure a profile of a research environment, rather than provide a single measure of its quality. The survey is divided into the following five parts: 1) detailed questions about the 36 individual attributes; 2) questions about the importance of each attribute and which five should be the focus of improvement; 3) questions about changes in areas where improvement actions were identified last year; 4) questions on overall impressions, some of which allow for longer answers; 5) requests for demographic information. From the survey response, illustrations similar to the one shown in Fig. 2 can be built that depict the current and desired states of an organization. Each radiating spoke represents a rating of an attribute, with 5 being outstanding. The higher the average numeric response, the more positively the respondents viewed that attribute of their environment. The figure shows how perceptions may differ in three organizations. In each, the darker shaded areas reflect attributes of the research environment as staff perceive them today, while the lighter shaded areas show the attributes the organizations most wish to improve.
Designing a Process for Translating Findings into Action
From the outset of the assessment efforts, the study chose to focus the survey at the level of the organization where change can most readily be made. In one laboratory, this was a "Center" level (about 100 staff each) and at another it was a "Division" level of approximately 700 staff divided into technical resource areas of 30-60 staff each. In all cases, those participating in the assessment process expressed concern that failure to take action subsequent to surveying would have a substantial negative effect on their research environment. This study has worked closely with the organizations' management to develop an improvement process that would allow the organization to interpret the results of the survey and be guided in the development of actions. These improvement processes included the following common activities: 1) full participation by the organization leader and all staff; 2) administration of the survey in small groups with discussion afterward; 3) guaranteed anonymity for survey respondents; 4) interpretation of aggregated survey results and corroborating data by the organizations themselves; and 5) facilitated session(s) subsequent to the presentation of survey results to select a few key actions for the organization to implement. The survey has been administered to three research centers within one DOE laboratory and to a division of approximately 700 scientists and support staff in another DOE laboratory. In each case, the results have provided the organization's managers and staff with concrete information from which to craft actions to improve their research environment. Specifically, information is provided to the surveyed organization on what their organization is doing well and not so well, what they believe is most important to their organization, and what few items they wish the organization would focus on improving in the coming year. As illustrated in Fig. 3 , information in these three dimensions allows management and staff to select activities that are most likely to have a positive impact on the environment. Examples of actions chosen by the organizations surveyed include increasing the ratio of post doctoral scientists and technicians to research staff, reducing the average number of accounting cases each researcher charges his/her time to, increasing the time available to researchers to perform research, and developing and communicating a more compelling research vision within the organization.
VII. COMPARISON WITH ATTRIBUTES DISCUSSED IN THE LITERATURE
The framework and groups of attributes defined in this study are similar to those mentioned in other studies on the organization of research and the management of innovation even though those studies are primarily based on the experience of industrial laboratories. For example, the framework used in the Minnesota Innovation Research Program [6] suggests that perceived innovation effectiveness is a function of characteristics of the innovation idea, leadership, procedures and relationships, and organizational context. The Multiple Perspectives Model put forth in Udwadia's paper [7] ties creative behavior and performance to three perspectives: individual characteristics associated with creativity, needed technical resources (material as well as human) for creativity, and organizational practices and managerial actions that aid or stifle creativity. A National Research Council study [8] identified five pillars of a world class Army research, development, and engineering organization-customer focus, resources and capabilities, strategic vision, value creation, and quality focus. Hurley [9] , in a study based on interviews with Nobel Prize winners, describes individual and organizational characteristics and resources that lead to scientific discovery. Among these, many are consistent with those identified in this study such as the need to be free to think and experiment, respect for the scientists' freedom and autonomy, and staffing that allows cross-disciplinary discussion.
The attributes identified in this study are also included among the attributes that several studies conclude are linked to excellence and quality outcomes. Some examples have already been mentioned. Ransley and Rogers [10] identified the seven best R&D practices by selecting best practices identified by at least three of four respected consulting companies from their studies and experience. The seven practices encompass technology strategies, program selection and management, core strengths, effectiveness, external awareness, technology transfer, and a "personnel" category that includes people-related issues. Menke [11] identified, through quantitative analysis of the behavior of 79 leading R&D organizations, ten practices as most essential for R&D strategic excellence. Six of Menke's ten are similar to attributes identified in this study. 
VIII. COMPARISON OF ATTRIBUTES ACROSS LABORATORIES
Since the two DOE laboratories are different-in history, size, sponsors of research, and other ways-one would expect the attributes they find important would differ. Nevertheless, work with these laboratories thus far indicates a substantial similarity in what the scientists within these organizations believe is important. Where differences occurred, they were primarily differences in emphasis. For example, having a compelling laboratory research vision was a high priority for scientists at one laboratory but not at the other. Similarly, while management issues were important to both laboratories, one focused on its management's visibility, credibility, and people skills, while the other stressed attributes of the management structure and scientists' continued ability to direct the course of their research. As the efforts of this study are extended to additional government laboratories as well as industry and university-managed laboratories, it is expected that substantial similarities and significant differences will be found in what each laboratory considers important to the research environment. The ability to explain these differences in light of the different cultures and circumstances present at the laboratories will be a future topic of this research.
IX. CONCLUSION
The 36 attributes identified in this study of national laboratories provide an understanding of the key contributors to an excellent research environment and lay the foundation for a consistent framework from which to assess such organizations. Many of the 36 attributes identified by scientists have been identified in other studies of research organizations and scientific achievement. Many are, in fact, captured by currently-used employee satisfaction surveys. However, the attributes of the R&D environment more closely related to innovation and the cross-fertilization of ideas are new to DOE employee satisfaction surveys, and have the potential to offer insights specific to excellence in research institutions.
Grounding the development of the survey in the Competing Values framework of organizational effectiveness theory has provided a useful means to make explicit what scientists and engineers voiced in numerous focus groups and interviews. Research environments and the decisions research and laboratory managers make are defined by many tensions and tradeoffs: between organizational stability and individual flexibility; between bureaucracy and adhocracy; between attention to the internal workings of the organization and collaboration with the outside world; and between attention to organizational objectives and attention to the processes by which these objectives are achieved.
The assessment tool developed in this study, with a thoughtful and dynamic improvement process, has been used successfully to implement action plans to improve the research environment. The existence of a person at the top of the organizational structure willing to initiate change and ensure creation of an improvement process that involves all stakeholders is absolutely necessary. Also critically important is the ability to reflect the complexity of the research organization while presenting information in a way that easily allows groups of scientists and managers to identify actions. The cynicism with which staff in most organizations meets satisfaction surveys of any sort is palpable, thus, the ability to condense large quantities of staff perceptions and concerns into information that the organization can use is absolutely crucial. Note: The work described in this paper is important to TRANSACTIONS readers for at least three reasons. First, the authors describe attributes identified by researchers as most important for fostering excellent research that managers interested in improving research performance will want to be aware of. Secondly, this is made actionable by the self-assessment survey and improvement process they have developed. Third, the application to R&D organizations of the Competing Values model for discussing organizational effectiveness demonstrates how management structure and focus are different for high risk, creative R&D activities in organizations.
